Using polarized light the reaction geometry of selected species can be controlled even in bulk experiments. One reactant A is generated in a photodissociation process and its spatial distribution is completely described by the anisotropy parameter ␤. The other molecular reactant B is excited in a specific rovibrational state. Its spatial distribution is given by the J-and branch-dependent alignment parameter A 0 (2) . Equations have been developed that allow a relatively easy conversion of experimental results to the angle of attack, ␥. The unnormalized probability of an attack of A on B under an angle ␥ is given by the simple expression P(␥)ϰ͓1ϩ 1 5 ␤A 0 (2) P 2 (cos ␥)P 2 (cos ␦)͔ where ␦ is the angle between the E ជ vectors of the dissociating and the exciting laser beam. As an example, we have studied the reaction of AϩHCN→HAϩCN with AϭH,Cl. The experimental results prove a preferred linear reaction geometry, i.e, an end-on attack of atom A on the terminating hydrogen atom of the HCN reactant. However, the cone of acceptance is higher for the ClϩHCN reaction than for the HϩHCN one.
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I. INTRODUCTION
In general, chemical reactions are influenced by steric effects. In organic chemistry special groups are used to protect the molecule from an unwanted spatial attack of a reactant. In order to control the reaction geometry of small systems different techniques have been used, like the electric field orientation 1,2 and the brute force method, 3,4 also known as orientation of molecules in pendular states. 5 If there is any preferred angle of attack, ␥(A,B), a variation of the reactant approach geometry will influence the reaction rates. In this work polarized light is used to induce anisotropic reactants distributions of the species A and B in the lab frame. We want to develop a quantitative description of extracting the average attack angle ␥ from experimental observations, when linearly polarized light is used to align the reactants. Although only two specific reactions of the HCN molecule are experimentally analyzed as an example, such experiments, in general, allow a detailed insight into the stereodynamics of the bimolecular reaction under investigation.
A schematic representation of the alignment of reactants is shown in Fig. 1 .
One reactant, A, is generated in the photodissociation of a precursor molecule, X-A. The direction of the recoil velocity v ជ is determined by the anisotropy parameter ␤. The dependence with respect to the E ជ v vector of the dissociating laser light is given by the simple expression
where P 2 (cos )ϭ(3 cos 2 Ϫ1)/2 is Legendre's polynomial of order 2. Under these experimental conditions the dissociation geometry is of cylindrical symmetry, indicated by the absence of a dependence. The ␤ parameter ranges from ϩ2 for a pure cos 2 distribution to Ϫ1 for a pure sin 2 distribution; ␤ϭ0 describes a complete isotropic direction of recoil. Usually precursor molecules can be found that fragment near the extreme values of ␤, guaranteeing a distinct distribution of the reactant A in the lab frame.
The partner reactant B will be prepared by excitation of a rovibrational state of the electronic ground state. In general, the corresponding transition dipole moment of a linear molecular reactant B lies along the internuclear axis and, therefore, the linearly polarized laser beam selects molecules according to a cos 2 distribution, where is measured from the E ជ J vector of the exciting laser beam. Thus, the initial cylindrical symmetry is broken. Zare and co-workers 7 showed that the spatial distribution of an excited molecule using polarized light, E ជ J , depends on the branch of excitation. The J-dependent spatial distribution,
is described by the alignment parameter A 0 (2) ͑cf. Fig. 2͒ :
͑2͒
The highest alignment can be achieved for the lowest R-branch excitation ͓R(0):A 0 (2) ϭ2͔. On the other hand, the lowest P transition, P(1), leads to no alignment of the reactant because the upper excited state is Jϭ0, which has spherical symmetry. It is very important to remember that this spatial distribution of reactant B is measured by ͑with respect to E ជ J ͒, while the recoil direction of reactant A is characterized by , which is measured with respect to E ជ v . The motivation of the present paper is a ''conjunction'' of these two distributions that will allow a quantitative description of the reaction geometry.
II. THEORY
The spatial distribution of the reactant A, i.e., the and dependence with respect to E ជ J , is given by the simple expression ͑1a͒. In the following it is useful to describe this distribution by spherical harmonics:
where the z axis (ϭ0) is in the direction of the field strength of the dissociation laser, E ជ v . The spatial distribution of the excited reactant B, J (,), depends on the state and branch that is used for excitation. If we assume no special rotational vibrational interaction then the rotational contribution for P-branch (J→JϪ1) and R-branch (J→Jϩ1) excitation is given by
Jϩ2 2Jϩ1
where we describe again the distributions by spherical harmonics. Here, the z axis (ϭ0) is the direction of E ជ J . In order to obtain the probability that the atom A hits the molecule B under the angle ␥ ͑Fig. 1͒ one has to sum up all angular variables (⍀;⍀Ј)ϭ(,,,), which lead to the angle ␥ between the two directions:
Taking into account this constraint, the above integral is a three fold one and its calculation is given in the Appendix. The result is
␦ is the angle between the two laser polarization directions
The J dependence of P(␥,␦) in the square brackets is the rotational alignment described by the branchdependent quantity A 0 (2) . Thus, the ͑unnormalized͒ probability of P(␥,␦) is given by It should be mentioned that Simpson et al. 9 derived an expression of similar form under the assumption of cylindrical symmetry that is justified for their experiments on steric effects in the reaction of Cl with CH 4 and CHD 3 .
In order to gain insight into the intensity differences that might occur when the reaction proceeds under different angles of attack ␥, it is useful to compare Eq. ͑7͒ for the case of ␦ϭ0°and R(0) excitation,
with the well-known equation for photodissociation processes ͓Eq. ͑1͔͒. Equation ͑8͒ is almost equivalent to Eq. ͑1a͒, with the exception that the anisotropy factor ␤ is reduced to 40%. The reduction in signal differences when going from dissociation to reactive processes is not very surprising because averaging reduces the initial spatial alignment of the reactants.
A two-dimensional plot of P(␥,␦) for R(0) and R(8) excitation is shown in Fig. 3 . The ␤ parameter is ␤ϭ2, i.e. a parallel transition of the precursor molecule is used. Such photodissociation processes should be preferred when the stereodynamics of a reaction is studied because the highest selectivity can be achieved. The reason for this higher selectivity is a substantial reduction in the likelihood of a side-on attack for E ជ v ʈ E ជ J . As one expects, the largest difference in intensities can be observed between ␦ϭ0°and ␦ϭ90°.
Thus, a change of the alignment of the two E ជ vectors of the photolysing laser beam, E ជ v , and of the exciting beam, E ជ J , will induce the largest difference in the product generation, if there is any stereodynamic effect in the reaction under study. Therefore, P(␥) is plotted in a polar diagram ͑Fig. 3͒ for
). An attack of the approaching atom A on one end of the B-C molecule, i.e. ␥ϭ0, is preferred for ␦
, in comparison to a perpendicular alignment of the two E ជ vectors, i.e. ␦ϭ90°. In contrast, a side-on reaction geometry, i.e. ␥ϭ90°, is preferred for ␦ϭ90°(
. Qualitatively this situation is independent of which branch, P or R, and which rotation ͓with the exception of P(1) excitation͔ is used to study the reaction dynamics. However, the differences in the reactivity for different polarization schemes are reduced in comparison to R(0) excitation ͑Fig. 2͒. Figure 4 shows P(␥,␦) for ␤ϭϪ1 ͑perpendicular transition͒, as is quite often observed in dissociation processes that may serve as sources for the A atom. In this case a linear approach of atom A on one end of the BC molecule (␥ ϭ0) is preferred for ␦ϭ90°(E ជ v ЌE ជ J ), while a side-on approach is preferred for ␦ϭ0°.
Due to intensity variation under different polarization schemes we can distinguish between a preferred linear or a preferred perpendicular reaction geometry. We would also like to gain some insight into how far the angle of attack deviates from ␥ϭ0°for an exactly linear approach or from ␥ϭ90°for an exactly perpendicular approach, respectively. In the following we will assume an essentially linear reaction geometry and the reaction probability should not change as long as the attack angle ␥ is within a cone of acceptance limited by ␥ max . Outside of this cone no reaction takes place, i.e. the opacity function f (␥) is constant for 0р␥р␥ max and vanishes for ␥Ͼ␥ max . The measured signal for a given polarization, i.e. a selected angle ␦, is then obtained by integrating Eq. ͑7͒ from ␥ϭ0°to ␥ϭ␥ max . Thus, the steric effect of the reaction, SE, is given by FIG. 3 . Unnormalized plot of P(␥,␦) describing the probability that an atom A, which is generated in a photodissociation process characterized by ␤ϭ2, attacks a molecule at angle ␥, where the molecule is prepared by a R(0) or R(8) transition. ␦ is the angle between the two E ជ vectors of the photolysis and of the exciting laser beam. The important experimental situation of ␦ϭ0°and ␦ϭ90°is shown in a polar plot.
FIG. 4. Plot of P(␥,␦)
for the case that the spatial recoil direction is described by ␤ϭϪ1.
The integration of this equation can easily be performed. 8 It should be mentioned that depolarization effects due to the earth magnetic field and the nuclear spin of reactant B are not considered. [10] [11] [12] Precession of the nuclear spin leads to a decrease of the initial molecular alignment. The depolarization is stronger for low J values. For high rotations the total angular momentum F is essentially determined by J, because typical values of I, the nuclear spin, are below 5 2 . In the high J limit A 0 (2) becomes independent of the excitation branch and Eq. ͑7͒ reduces to (␦ϭ0),
͑10͒
The influence of the nuclear spin on the polarization measurements can also be neglected, if the time of precession p is long compared to the observation ͑delay͒ time . On the other hand, if the interaction between J and I is strong, i.e.
p Ӷ, then a time-averaged depolarization coefficient can be calculated. 12 The derivation of the above equations further assumes stationary target and precursor molecules. However, Gilbert et al. 13 have shown that the degradation in alignment is not likely to compromise seriously the viability of the experiment. Even if the reduction in alignment cannot be neglected completely in some cases ͑very heavy attacking atom and a very light target molecule͒, it can be adequately treated through an effective ␤ parameter ͓Eq. ͑9͒ of Ref. 13͔.
III. COMPARISON WITH EXPERIMENTAL RESULTS
We have studied the reaction of aligned hydrogen atoms generated in the 266 nm photodissociation of methylmercaptan, CH 3 SH, with HCN being excited ͑around 1.53 m͒ in a single rotational state of the first overtone of 3 CH stretching motion. Details of the experimental setup are given elsewhere. 14, 15 The ␤ parameter for the CH 3 SH ϩh→HϩCH 3 S process is known to be ␤ХϪ0.96 16, 17 and, thus, a reaction plane is defined in the lab frame, as indicated by Fig. 1 . The reaction HϩHCN is endothermic and only rovibrationally excited molecules can react with the photolytically generated hydrogen atoms. 18, 19 The collision energy and its distribution can be extracted from the experimental work of Wilson et al. 15 and is published elsewhere. 20 Chlorine atoms are generated in the photodissociation of Cl 2 at 355 nm and its spatial distribution is described by ␤ϭϪ1. 21 The CN product molecules were analyzed by LIF. The delay time between the CN analysis pulse and the HCN excitation laser pulse was 50 and 250 ns, depending on the system under investigation. Since the partial pressures were slightly below 10 Pa single collision conditions are expected and the product yield is directly proportional to the reactivity of the ͑aligned͒ reactants. The CN ( 2 ⌺←X 2 ⌺) transition is saturated and, thus, any influence of aligned CN products on the signal can be neglected.
The measured intensity ratios (I Ќ ϪI ʈ )/(I Ќ ϩI ʈ ) for different reactions are summarized in Table I , where the subscripts ʈ or Ќ indicate a parallel or perpendicular alignment between E ជ J and E ជ V . The polarization of the lasers were rotated by using /2 wave plates 22 of zeroth order. The beam walk has not been observed. Four hundred laser shots for each polarization scheme were averaged to obtain the data. The data for P(1) excitation were used to minimize systematic errors due to beam walk or lengthy data averaging. The observed deviation for P(1) excitation was always below Ϯ0.01. The positive intensity ratio demonstrates a preferred end-on attack of the hydrogen or the chlorine atom on the hydrogen atom of the HCN molecule. Thus, a linear reaction geometry is preferred for both the HϩHCN→H 2 ϩCN and the ClϩHCN→HClϩCN reaction. The observed intensity ratios of the different transitions at a delay time of 50 ns behave as one expects when Eq. ͑2͒ is considered. However, HCN exhibits a nuclear spin and a quadrupole moment that will strongly depolarize the initial aligned HCN. Since this effect becomes negligible for high rotations ͓Eq. ͑10͔͒ or for delay times р50 ns, the range of the angle of attack, ͓0,␥ max ͔, can be extracted from Eq. ͑9͒. 22 We obtain ␥ max ͓HϩHCN( 3 ϭ2)͔ϭ50°, ␥ max ͓HϩHCN( 3 ϭ4)͔ϭ55°, and ␥ max ͓ClϩHCN( 3 ϭ2)͔ ϭ65°. Since the experimental error is ca.Ϯ5°, we assume that the cone of acceptance is slightly larger for the Cl reaction in comparison to the HϩHCN reaction.
In principle, there is the possibility of significant reagent reorientation on an approach to the transition state. However, all performed measurements with rovibrationally excited HCN as well as all trajectory studies indicate a similar behavior for both the H and the Cl reaction, 15, 20 and a long living transition state can be excluded. Since the approach of the light and fast hydrogen atom is unlikely to reorientate the HCN, we assume no substantial reagent reorientation.
IV. SUMMARY
The reaction geometry can be analyzed even in bulk experiments when polarized light is used. Equations have been developed that allow a relatively easy conversion of experimental results to the angle of attack, ␥. At high reactant rotations the dynamic range of the signal intensities at different polarization schemes is fairly low, but sufficient to obtain a quantitative impression of the attack angle. For low rotational states a larger intensity ratio can be expected, provided the influence of depolarization effects can be reduced. This becomes possible when a sufficient short delay time between preparation of the reactant and probe of the product can be used.
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APPENDIX
We write for J in a normalized form ͓i.e., without overall factors j/3 and ( jϩ1)/3, resp.͔,
with A 0 (2) for the P and R branch as given above. For v we write in a similar manner,
where ͑,͒ reminds us of the fact that the z axis ͑i.e., ϭ0͒ is different from the z axis for J (ϭ0). In fact, both enclose the angle ␦, which is the angle between the two laser polarization directions E ជ v and E ជ J . We want to calculate the probability for a certain angle ␥ between ͑,͒ of J and (Ј,Ј) of v , i.e., the integral
where the primes mark different integration variables, and ͓ ͔ ␥ indicates that we have to confine ourselves to a fixed angle ␥ between ͑,͒ and (Ј,Ј). Thus, the integral is not a fourfold, but only a threefold one. At first, we use the rotational properties of the spherical harmonics Y lm to rotate v (,) by an angle of ␦ about the y axis, in order to have the same system of axis for both ͑,͒ and (Ј,Ј). This leads us to
͑A4͒
The integral can now be calculated in the form
where (Ј,Ј) run through a cone with opening angle ␥. The axis of the cone points to the direction of the outer integration variables ,. To transform Ј and Ј to variables referring to the direction of the outer variables and once more we have to rotate the axis of v (Ј,Ј) so that its zЈ axis points to the direction ,. After replacing the spherical harmonics by the corresponding Legendre Polynomials, we obtain the final result:
͑A12͒
After adding the overall factors J/3 for the P branch and (Jϩ1)/3 for the R branch we obtain Eqs. ͑6a͒ and ͑6b͒.
